An integrated approach using biomarkers and contaminant levels in mussels Mytilus galloprovincialis L. was employed to assess chemical contamination in Greek coastal waters within the framework of the MYTIMED program. Biomarkers (metallothioneins, glutathione S-transferase, catalase, acetylcholinesterase and RNA:DNA ratio) have been previously described in mussels caged at 14 sites in coastal areas influenced by different types of anthropogenic activities. This study applied a biomarker index, the Integrated Biomarker Response (IBR) to summarize biomarker responses and relate stress levels to concentrations of organochlorine compounds (PCBs, DDTs), polycyclic aromatic hydrocarbons (PAHs), and metals (Cu, Ni, Fe, Zn) measured in the mussel tissues. The IBR index indicated environmental stress at sites near cities and industries and was overall related to organic contaminants, but also elevated metal concentrations at certain sites. Slightly increased IBR values at few sites away from known pollution sources were not accompanied with increased contaminant levels suggesting stress possibly caused by natural factors. Results confirmed the usefulness of integration of biological effects measurements and chemical analysis for the assessment of chemical contamination in coastal waters.
Introduction
Active biomonitoring i.e. the use of sentinel organisms from a single "non-contaminated" population deployed at sites under investigation in order to measure levels and biological effects of contaminants is a useful approach for pollution assessment in coastal waters (Stien et al., 1998; Andral et al., 2004; Viarengo et al., 2007; Damiens et al., 2007; Jung et al., 2008) . This approach avoids bias related to the age and the reproductive status of the organisms and allows better control of accumulation and biological effects of contaminants in a predetermined exposure period. In addition, comparisons of sites are feasible even if natural populations are scarce.
The combined approach of monitoring chemical contaminant levels, along side biological effect measurements offers enormous potential to meet the challenges outlined by the European Union Marine Strategy Framework Directive (MSFD, 2008/56/EC) for undertaking assessments of Good Environmental Status in European marine waters (Lyons et al., 2010) . Biomarkers are among the emerging tools for the assessment of biological effects of contaminants in monitoring programmes (Allan et al., 2006; Depledge, 2009) . Biomarkers reveal environmental stress caused by chemical contaminants and also other environmental variables thus integration of biomarkers and chemical analysis is essential in order to establish links between stress and pollution (Galloway et al., 2004a; Thain et al., 2008) . Combinations of multiple biomarkers reflecting effects on different endpoints and exposure to various types of contaminants are used in order to achieve a comprehensive evaluation of pollution impact (Galloway et al., 2004b; Viarengo et al., 2007) . Since results of different sets of biomarkers are often difficult to interpret, integration of biomarker data into multiple-biomarker indices for the evaluation of contaminant-induced stress is increasingly employed (Beliaeff and Burgeot, 2002; Blaise et al., 2002; Cheuvre et. al, 2003; Broeg et al., 2005; Narbonne et al., 2005; Auffret et al., 2006; Dagnino et al., 2007; Haager et al., 2009 ). These biomarker-based indices of the organisms' health status are proposed as useful tools for the assessment of ecological risk in environmental management. Biomarker indices are constructed using various univariate or multivariate methods and ranking systems. The choice of biomarkers employed depends on the basic concept of each index. A number of indices include biomarkers at different levels of biological organization ranging from general stress responses to specific effect and exposure biomarkers (Biomarker Response Index, BRI: Haager et al., 2009; Health Status Index, HSI: Dagnino et al., 2007; Blaise et al., 2002; Cheuvre et. al, 2003) (Broeg and Lehtonen, 2006) . Belliaf and Bourgeot (2002) pointed out that successful application of IBR depends on a relevant choice of biomarkers in relation to the specific objectives of the study and the characteristics of the field site, while interpretation of the results has to take in account variations in abiotic and biotic factors that influence biomarker responses. A number of studies using different biomarker combinations have shown visual accordance of this index with contaminant levels (Beliaeff and Burgeot, 2002; Damiens et al., 2007; Pytharopoulou et al., 2008; Lu et al., 2010) and similar results of this index to other biomarker indices such as the BAI (Broeg and Lehtonen, 2006) , the HIS and the LRI (Raftopoulou and Dimitriadis, 2010) .
Mussels are commonly used as sentinel organisms in bio-monitoring studies due to their wide geographical distribution and ability to accumulate contaminants in proportion to levels in the environment (Andral et al., 2004; Viarengo et al., 2007) .
Native populations or deployed mussels originating from a non-polluted/pristine site are commonly employed (Bocquené et al., 2004; Lehtonen et al. 2006; Gorbi et al., 2008; Gagné et al., 2008; Hunt and Sloane, 2010) . The use of deployed mussels has proved useful for large geographical scale monitoring since mussels can be immersed at any location and/or depth. (Andral et al., 2004; Galgani et al., 2005; Galgani et al., 2011) .
Within the framework of the MYTIMED programme, active biomonitoring using caged mussels was applied to assess chemical contamination in the East Mediterranean Sea. Multiple biomarkers reflecting contaminant exposure and/or effects were assessed in mussels caged in Greek coastal waters (Tsangaris et al., 2010) . Metallothioneins (MTs), metal-binding proteins specifically induced by exposure to certain metals such as Cu, Zn, Cd, Hg (Viarengo et al., 1999) , glutathione S-transferase (GST), a phase II biotransformation enzyme that has been shown to respond to organic contaminants (PCBs, chlorinated pesticides, PAHs; Cheung et al., 2001 Cheung et al., , 2002 , catalase (CAT), an antioxidant enzyme used as a biomarker of oxidative stress that can be induced by a wide range of contaminants (Livingstone, 2001) , acetylcholinesterase (AchE), a biomarker of neurotoxicity indicative of exposure to carbamate and organophosphate pesticides (Fulton and Key, 2001 ) and also general stress , and RNA:DNA ratio, a biochemical growth biomarker reflecting a general stress response (Wo et al., 1999) were measured. The present study aimed to apply the IBR index in combination with contaminant levels in caged mussels for the assessment of chemical contamination in Greek coastal waters. IBR values reflecting environmental stress levels, were compared to concentrations of organochlorine compounds (PCBs, DDTs), polycyclic aromatic hydrocarbons (PAHs) and metals (Cu, Ni, Fe, Zn) measured in the mussel tissues. In addition, the present study intended to further validate the suitability of the IBR index as a tool for pollution assessment in marine ecosystems.
Materials and Methods

Sampling area and experimental design
Mussels Mytilus galloprovincialis were caged at several sites along the Greek coastline. The transplantation was performed by the French oceanographic vessel 'L' Europe' and the Greek oceanographic vessel 'Philia' according to standardized procedures (Andral et al., 2004) . Detailed information on transplantation methodology and biomarker analyses are described in Tsangaris et al. (2010) . Briefly, mussels of approximately 60 mm shell length from an aquaculture farm were placed in PVC cages, immersed at the selected sites at 8 m depth below the sea surface and recovered after three months by diving. The depth of the sites was between 20 to 30 m. Samples were conditioned immediately after collection on board. In one batch of mussels, whole soft tissues were removed from the shells and stored at -20º for chemical analyses (pooled sample of 120 individuals per site), condition index (pooled sample of 30-40 individuals per site) and RNA:DNA ratio (3 pooled samples of 3-5 individuals per site) measurements. In a second batch of mussels, gills and digestive glands were dissected and were frozen in liquid nitrogen (5 pooled samples of 6 individuals per site). AchE was measured in the gills and CAT, GST and MTs in the digestive glands.
The biomarker data used for the calculation of the IBR index are presented in Tsangaris et al. (2010) . Data from 14 sites (4 sites with no data for MTs were excluded) in coastal areas influenced by different types of anthropogenic activities were used; S1 and S2 in Thermaikos Gulf, S3 in Saronikos Gulf, S4 in N. Evoikos Gulf, S5 in S. Evoikos Gulf, S6 in Korinthiakos Gulf, S7 in Maliakos Gulf, S10 in Pagasitikos Gulf, S12 in Nestos estuary, and S13, S14, S15, S16 and S18 in the Aegean Sea (Figure 1 ). Types of anthropogenic impacts at the selected areas are shown in Table 1 . Sites in the Aegean Sea, near islands away from known sources of pollution sources (S14, S15, S16 and S18) were used as reference sites.
IBR index calculation
IBR was calculated according to Beliaeff and Burgeot (2002) . Data was first standardized and then the scores of all the biomarkers at a given station were represented in star plots. Calculations for a given station were as follows. where A i is the triangular area represented by two consecutive biomarker scores (B i , B i+1 ) on the star plot, and n is the number of biomarkers used in the IBR calculation.
Chemical analyses
The frozen tissues were freeze-dried and homogenized. For the analysis of metals 1.5 g of dried tissue were digested with HNO 3 under pressure using a microwave furnace CEM MDS 2100 (UNEP, 1984) and the determination of Cu, Ni, Fe and Zn was performed by flame atomic absorption spectrophotometry (Varian Spectra AA 20 Plus). The accuracy and precision of the analytical methodology was tested with the reference material NRC-Dorm2 (Dogfish muscle).
For PAH analysis 3 g of dried tissue were spiked with known quantities of deuterated PAH used as internal standards and saponified with methanolic KOH. The unsaponified material was extracted with n-hexane and the extract was cleaned-up by column chromatography. A glass column filled with 5 g of alumina deactivated with 6% water was used and the elution was performed with 20 mL of n-hexane. The eluate was condensed to 0.2 mL and put on a glass column filled with 2 g of activated silica. Two fractions were collected: The first one, contained the aliphatic hydrocarbons, with 10 mL of n-hexane and the second, contained the PAH, with 10 mL of a mixture n-hexane -ethyl acetate 9:1. The determination of PAH in this For the organochlorine analysis 5g of the dried tissue were Soxhlet extracted for 24
hrs with a mixture of dichloromethane-pentane 1:1, the extracts were cleaned-up and fractionated on deactivated alumina columns (Satsmadjis et al., 1988 ) and the final determination was performed on a gas chromatograph equipped with an ECD detector (Agilent 7890). The accuracy and precision of the analytical methodology was tested by using a certified reference material provided from IAEA (IAEA-432, mussel homogenate).
Statistical analysis
Relations between the IBR index and contaminant concentrations were examined by correlation analysis (Pearson's correlation coefficient). Principal Component Analysis Contaminant concentrations were log (x+1) transformed for statistical analysis.
Statistical analysis was performed using SPSS (correlation analysis) and Primer (PCA).
Results and discussion
To demonstrate the contribution of each biomarker to the IBR index, the standardized data of biomarkers used in the IBR calculation (biomarker scores) are shown in Table   2 . Maximum values represent sites of the highest response of each biomarker (S1 for AchE and CAT, S13 for MTs, S4 for RNA:DNA and S5 for GST), while zero values reveal sites of the lowest response (S12 for AchE, S1 for MTs, S18 for RNA:DNA, S15 for GST and S16 for CAT).
IBR index and contaminant levels in the tissues of mussels are presented in Figure 2 .
The IBR index clearly discriminated stress levels among sites, showing higher values at sites near cities and industries i.e. in Thermaikos Gulf, Saronikos Gulf, N. Evoikos Gulf, S. Evoikos Gulf, Korinthiakos Gulf and Maliakos Gulf (sites S1, S2, S3, S4, S5, S6 and S7) compared to sites in the Aegean Sea (sites S13, S14, S15, S16 and S18), Pagasitikos Gulf and Nestos estuary (sites S10 and S12). The condition index of the mussels (data presented in Tsangaris et al., 2010) (Ignatiades, 2005) . Nevertheless these differences in the physiological status of mussels did not mask the overall stress response to pollution as shown by the IBR index.
Concentrations of organic contaminants were generally in accordance with IBR results, particularly PCBs and DTTs that were significantly correlated to the IBR index (r=0.769, P<0.01 and r=0.589, P<0.05 respectively) ( Table 2) . With regard to PAHs, a positive although not statistically significant correlation to the IBR index was recorded (r=0.513, P>0.05). Highest PCBs concentrations of 12-14.7 ng/g were found at sites S1, S3 and S6. Maximum DDTs concentrations (3.4-11.1 ng/g) were recorded at sites S1, S2, S3 and S6. Peak PAHs concentrations were found at sites S1 and S3
(72.9 and 75.3 ng/g respectively).
Metal concentrations were not correlated to the IBR index (Table 2) ; nevertheless several peaks in Cu, Ni and Fe concentrations were evident at sites showing high IBR values. Cu concentrations were highest at sites S3 and S4 (4.8 µg/g). Fe concentrations were highest (89.5-113.4 µg/g) at sites S3, S4 and S5. Peak Ni concentrations (4.1-6.8 µg/g) were recorded at sites S4, S5 and S7, but also at S10 and S16 where IBR values and levels of other contaminants were low. These elevated Ni levels in areas of Pagasitikos Gulf (S10) and Rhodos Island (S16) where pollution sources are lacking can be possibly due to natural enrichment (Voutsinou-Taliadouri and Satsmadjis, 1982; Voutsinou-Taliadouri and Georgakopoulou-Grigoriadou, 1989) and did not induce an overall stress response as shown by the IBR index. Zn concentrations were homogenous with the exception of low levels at sites S10 and S18.
Overall variations in contaminant concentrations were evaluated by PCA. PCA of contaminant concentrations produced three principal components that accounted for 81.7% of the total variance. The plot of variable vectors for the first two principal components PC1 and PC2 that explained 67.3% of the total variance is shown in Figure 3a . PC1 was mainly influenced by PCBs and DDTs on the positive part while (Pagou et al., 2010) . The causes of these incidences are not clearly identified. Thus other stressors and/or contaminants not analysed in the present study may be due for the stress response at site S7. The inner part of Maliakos gulf is considerably affected by the discharge of Sperchios River (Chryssovergis and Panayotidis, 1995) and its ecological status based on ecological indices on phytobenthos data has been classified from bad to moderate (Spatharis et al., 2003) .
IBR index at sites showing low levels of contaminants ranged between 0.4 and 4. The highest IBR values among these sites were found at S13 and S18 in the Aegean Sea (4 and 3.8, respectively), concomitantly with low condition index values reflecting stress possibly caused by natural environmental factors such as temperature and food availability as wild mussels are not present in these areas. Nevertheless regarding site S13 at Santorini island, biomarker responses could be also due to other unidentified pollutants emerging from the shipwreck of the 'Sea Diamond' cruise ship two months prior mussel transplantation in this area.
The IBR index is regarded as a practical tool for the examination of the stress response of different populations by combination of different biomarkers and for the comparison of stress levels to contaminant levels (Bocquené et al., 2004 , Broeg and Lehtonen, 2006 , Damiens et al, 2007 , Pytharopoulou et al., 2008 , Gagne et al., 2008 , Pereira et al., 2009 , Oliveira et al., 2009 , Raftopoulou and Dimitriadis, 2010 . Several studies using different combinations of biomarkers in the IBR calculation have shown accordance of IBR with contaminant levels. In eelpout (Zoarces viviparous) and mussel (Mytilus sp.) populations of the Baltic Sea good accordance was reported between IBR and tissue levels of organochlorine compounds (Broeg and Lehtonen, 2006 ). In mussels (M. galloprovincialis) caged at several stations in the Bay of Cannes, Damiens et al. (2007) found good agreement of IBR with tissue Cu and PCB concentrations but not with PAH concentrations. In mussels (M. galloprovincialis) caged at an area polluted by heavy metals in the Gulf of Patras (Greeece), IBR showed accordance with Cu concentrations in the digestive gland (Pytharopoulou et al., 2008) . In goldfish (Carassius auratus) transplanted in Taihou lake (China), a visual correlation was recorded between IBR and the PCB and OCP gradient in sediments .
The relevant choice of biomarkers is a key issue for the use of integrated indices in biological effects monitoring. Selection of an appropriate battery of biomarkers can avoid false-negative responses obtained with a single biomarker and their integration into an index simplifies interpretation in biomonitoring programs (Beliaeff and Burgeot, 2002) . On the other hand, inclusion of several parameters that respond to the same type of pollution or biological function will overemphasise the importance of this particular group of contaminants or function in the overall assessment of environmental stress (Broeg and Lehtonen, 2006) . In the case of the IBR index, the position of the biomarkers on the star plot used for the IBR calculation should also be considered, as it affects the ''relative weight'' of each biomarker in the final index value (Beliaeff and Burgeot, 2002; Broeg and Lehtonen, 2006) . Thus, biomarker position on the star plot has to be defined based on an objective reason such as their ability to discriminate non-impacted from impacted sites (Beliaeff and Burgeot, 2002) . A limitation of the IBR index due to its mathematical basis, is that IBR values cannot be compared to values previously computed at the same site or other sites, unless all data are processed in the same calculation. Thus, the IBR is not able to give fixed values to describe environmental stress at any time or site without recalculations and furthermore, classify sites on a fixed scale. Nevertheless, the consistency of IBR results according to pollution gradients regardless of the variability in the biomarker sets used (Broeg and Lehtonen, 2006; Damiens et al, 2007; Pytharopoulou et al., 2008; Oliveira et al., 2009; Raftopoulou and Dimitriadis, 2010) supports its usefulness as a simple tool for the assessment of pollution impacts in marine ecosystems.
In the present study, biochemical biomarkers representing different biological endpoints i.e. detoxification of metals, organic contaminants and reactive oxygen species (MTs, GST and CAT), neurotoxicity ( Furthermore, it has to be pointed out that this study was focused on associations between the IBR index and certain types of contaminants, but other contaminants that were not examined may have also influenced the stress response of mussels.
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